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Abstract
The need for hole making on synthetic and natural fibre composites is inevitable due to further requirement of assembly process
of different composite parts. However, regardless of the fibre types, the damage cause by drilling operation, namely delamination 
and matrix cracking around the hole, often deteriorated the long-term mechanical performance of these composites. In this study, 
the parametric effects of drilling conditions, namely feed rate, spindle speed and drill point angle on residual tensile strength have 
been investigated. Taguchi technique with statistical analyses was employed as to analyze the residual tensile strength of woven 
flax epoxy composite after drilling process. A three-axis CNC machine was used to create a hole on the composite specimens 
based on two levels of drilling parameters and drill bit geometries. Subsequently, static loading tests were performed as specified 
in the ASTM Standard D3039 (Standard Test Method for Tensile Properties of Polymer Matrix Composite Materials). From the 
analysis, it is evident that feed rate is the most important parameter that influence the aforementioned output.
© 2015 The Authors. Published by Elsevier B.V.
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1. Introduction
Over the last few decades, the development of composite materials from natural resources has gained appreciably 
strong interest, particularly with regard to its comparable properties to synthetic fibre within composites materials 
[1]. Growing of the environmental awareness (e.g., increased pollution, increasing demand for biodegradable 
materials, material need for CO2 neutrality and low greenhouse gas emissions, new environmental laws and 
regulations) has forced researchers to explore the potential of these novel and environmental friendly materials [2]. 
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Natural fibre composites are likely to be environmentally superior over the synthetic fibre composites in most cases,
for instance, when density, cost, availability, biodegradability and tool wear are compared [3-7]. 
Nowadays, machining becomes compulsory in providing the structural integrity as well as shape of complex 
composite products, regardless whether they are made from synthetic or natural fibre. Yet, a host of difficulties can 
be found after machining the fibre reinforced polymer composite. One of the reasons is that the behaviour of these 
composites during machining is different from that of conventional materials. Due to its anisotropic and non-
homogeneous nature, machining of these materials often lead to several severe material problem. This includes
delamination damage, matrix burning, ply failure, fibre breakage, fibre pull-out, fibre fuzzing, fibre–matrix 
debonding and matrix cracking. Previous studies have shown that damage generated during the drilling of 
composites can be detrimental towards the mechanical behaviour of the composite products [8-12].
Therefore, the study of the effect of the drilling induced damage on the mechanical behaviour of fibre reinforced
polymer composites is of paramount importance. One of the closely related studies that looked into this issue was 
reported by Karimi et al [13]. The authors have noted that minimization of the drilling induced damage may 
subsequently leads to maximization of the residual tensile strength of the glass fibre reinforced composites. On the 
contrary, Kishore et al [14] also statistically studied the influence of cutting parameters on residual tensile strength 
while drilling glass fibre reinforced epoxy composites. The results showed that among the wise selection of the 
drilling parameters (cutting speed, feed rate and the tool point geometry), cutting speed is the most significant 
parameter that influence the residual tensile strength of the polymer composites. Until recently, there are numbers of 
research being carried out in refining the mechanical and physical properties of natural fibre composites, which 
include kenaf, flax, sisal, bamboo and others. However, there has yet to be any attempt in understanding their 
mechanical and structural performances after machining processes, especially in drilling operation. Based on this, a 
parametric study on the residual tensile strength of flax natural fibre composites after drilling operation is reported in 
this article. The parametric study was accomplished through Taguchi design method, while ANOVA was carried out 
to obtain the significant factors that affect the residual tensile strength of the selected fibre reinforced composite. 
2. Experiments
2.1. Materials and fabrication methods
In this work, the test specimens used for experimentation were fabricated using vacuum-assisted resin transfer 
moulding, which is generally known as resin infusion process. The Biotex Flax 4 x 4 plain weave (of 500 g/m2 areal 
weight), Fig. 1, was used as the reinforcement in the composite material. Epoxy Amite 100 was used with the 103
slow hardener, that served as the polymer matrix. The flax fibre were supplied by Easy Composites Ltd, United 
Kingdom, whereas the epoxy matrix was supplied Makna Value Sdn. Bhd.
Fig. 1. Flax fibre reinforcement
Prior to the fabrication of composite laminates, the surface of the flat glass was initially coated with layers of 
mould release agent as to prevent sticking of cured composite panel on the glass mould. Then, the flax fabrics were
cut according to the size of 300 mm x 300 mm and were laid carefully on one over the other on the flat glass mould.
The fibre orientation was properly ensured to be balanced and symmetrical during the laid up process. Once the 
setup of laminates has been completed, air inside the vacuum bag was removed by applying vacuum pressure in the 
range of 10-17 mBar, thus compacted the fibre preform. The low temperature curing epoxy resin and corresponding 
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hardener are mixed in the ratio of 4:1 in weight. The mixture was then infused into the mould cavity under the 
vacuum pressure. The impregnated was left to cure in the room temperature for 24 hours under vacuum pressure.
The required specimen sizes for the mechanical tests were achieved by cutting off cured panel using diamond blade
skilled-saw. 
2.2. Experimental design based on Taguchi method
The experimental procedure was performed based on Taguchi’s methodology, as for minimizing the number of 
experiments and simplifying the experimental analyses. Plus, it is well reported that the Taguchi orthogonal array 
layout is capable of providing full information upon all factors that affect the performance parameter. The L8
orthogonal array, which consists of three independent variables each at two levels, was chosen for the 
experimentation. In the Taguchi analysis, the experimental observation or output was converted into appropriate 
signal to noise (ܵ/ܰ) ratio. This is mainly to measure the deviation from the desired value of quality characteristic
or output. The (ܵ/ܰ) ratio suited for the residual tensile strength value is “larger-the-better” characteristic, which is 
formulated as below.
(ܵ/ܰ) = െ log 10 ൥1/݊෍1/ݕ௜ଶ
௡
௜ୀଵ
൩                                                                        (1)
Additionally, analysis of variance (ANOVA) was also carried out in order to determine which process or control 
parameters are statistically significant on the selected output, which is the residual tensile strength.
2.3. Drilling and residual tensile tests
At this phase, five rectangular tensile specimens of standard 250 mm x 250 mm in dimension with hole at the 
centre were prepared from different batch of fabricated panels. Drilling experiments were performed on AKIRA-
SEIKI Performa SR3 CNC machine in order to create the hole in each specimen. Commonly used factors including 
spindle speed, feed rate and drill point geometry have been selected for the control factors. In this study, the
aforementioned parameters are set at two levels; namely; feed rate: 0.16 and 0.24 mm/rev, spindle speed: 3000 and 
6000 rpm and drill point geometry: twist drill and step drill of 8 mm diameter with 85° helix angle. These selected 
factors are given as A, B and C, as depicted in Table 1.
Table 1. Levels of the variables used in the experiment, drill diameter 8 mm
Level Variables
A: Spindle speed (rpm) B: Feed rate (mm/rev) C: Drill point geometry
1 3000 0.16 Twist drill
2 6000 0.24 Step drill
After drilling operation, the residual tensile properties of the flax fibre composites were determined using 
Shimadzu Universal Testing Machine (UTM). During the test, the machine operated at a loading rate of 2 mm/min 
and the testing was performed in accordance to ASTM D3039.
3. Results and discussion
3.1. Taguchi analysis for residual tensile strength
Table 2 shows the experimental results for residual tensile strength and its S/N ratio of the flax fibre composites.
For comparison purposes, average experimental values of ultimate tensile strength, ultimate strain and tensile 
moduli for five samples of undrilled specimens, were earlier found to be 66.03 MPa, 5.91%, and 11.35 GPa, 
respectively. Meanwhile, analyses on the influence of each control factor (A, B, and C) on the output response are 
tabulated as the response table of mean S/N ratio, Table 3. From the main effects plots for S/N ratio presented in Fig. 
2, the desired parameters gained are at A2B1C2, which correspond to the largest values of S/N ratio for all control 
parameters.
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Table 2. The L8 orthogonal array
Experiment number A B C Residual Strength (MPa) (ܵ/ܰ)
1 1 1 1 50.16 34.007
2 1 1 2 56.04 34.970
3 1 2 1 45.35 33.132
4 1 2 2 45.54 33.168
5 2 1 1 55.38 34.867
6 2 1 2 55.42 34.873
7 2 2 1 48.90 33.786
8 2 2 2 49.02 33.808
Table 3. Response table for (ܵ/ܰ) ratios
Level A: Spindle speed (rpm) B: Feed rate (mm/rev) C: Drill point geometry
1 33.82 34.68 33.95
2 34.33 33.47 34.20
Delta 0.51 1.21 0.26
Rank 2 1 3
Fig. 2. Taguchi Response Graph
3.2. Analysis of variance (ANOVA)
The purposes of performing statistical analysis of variance or ANOVA are to observe and investigate which 
design parameters are statistically significant. The results of ANOVA are detailed out in Table 4.
Table 4. ANOVA table for residual tensile strength
Factor Sum of Square Degree of freedom
Mean
Square
Fisher
Test Fratio(1,4) % Contribution
Spindle speed, A 0.53 1 0.53 5.75 7.71 13.44
Feed rate, B 2.91 1 2.91 31.63* 7.71 73.88
Tool geometry, C 0.13 1 0.13 1.43 7.71 3.35
Error 0.37 4 0.09 9.34
Total 3.94 7 100
*significant, F table at 95% confidence level is F0.05, 1, 4 = 7.7086)H[S)WDEOH
From Table 4, it is apparent that feed rate is the parameter that has the strongest influence (73.88%) on residual 
tensile strength of drilled composites. Previous study has noted that increasing feed rate will produce higher thrust 
force [11], and consequently, the thrust force increment deteriorated the crack propagations inside the composite.
Thus, this affected residual tensile strength and led to failure of the composite specimens. Based on the current
result, minimum feed rate value is proposed as the desired setting parameter for this material. Meanwhile, mild
contribution of 13.44 % is observed for spindle speed on the residual tensile strength. Theoretically, higher cutting 
speed may promote the softening of matrix and hence reducing the delamination [14]. However, this condition can
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only occur if elevated temperature, fibre curling and tool wear are not taken into account. Since only a minimal 
number of holes being drilled in this study, the statement mentioned earlier is valid. Generally, higher residual 
tensile strength of the composite can be achieved with less delamination damage. Therefore, this justifies the high 
speed drilling for these experiments that contributed towards higher residual strength. In a previously reported study, 
drill point geometry has been observed to be a significant factor that influences the drilling induced damage [12]. 
Hence, drilling induced damage should eventually affect the residual tensile strength of drilled FFRP laminates. 
Surprisingly, the ANOVA result in this study showed that tool geometry factor has the least effect (only 3.35 %
contribution) on residual tensile strength, Table 4. It is important to highlight that drilling this flax fibre composite 
with a step drill has exhibited very marginal increase in residual tensile strength than that of the twist drill. 
4. Concluding remarks
The machining characteristic of flax fibre reinforced polymer composites and its effect on residual tensile 
strength has been studied. From Taguchi analysis, the desired combination of parameters is at A2B1C2, obtained for 
spindle speed (rpm), feed rate (mm/rev) and drill point geometry respectively. This setting is suggested in achieving
high residual tensile strength of the material after drilling process. The S/N ratio response table showed that feed 
rate, spindle speed and drill point geometry are the order of influence of parameters on residual tensile strength.
ANOVA results confirmed that feed rate is the most significant parameter in affecting the residual tensile strength,
in which minimum value of feed rate is preferred. The spindle speed had mild effect on drilling of FFRP composite.
It was also evident that the use of step drill contributed a small increase in residual tensile strength than that of the 
twist drill. However, tool geometry factor has the least effect on the residual tensile strength.
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